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Abstract 
Minimally invasive surgery is a highly demanding surgical approach regarding technical requirements for the surgeon, who 
must be trained in order to perform a safe surgical intervention. Traditional surgical education in minimally invasive surgery is 
commonly based on subjective criteria to quantify and evaluate surgical abilities, which could be potentially unsafe for the 
patient. Authors, surgeons and associations are increasingly demanding the development of more objective assessment tools 
that can accredit surgeons as technically competent. This paper describes the state of the art in objective assessment methods of 
surgical skills. It gives an overview on assessment systems based on structured checklists and rating scales, surgical simulators, 
and instrument motion analysis. As a future work, an objective and automatic assessment method of surgical skills should be 
standardized as a means towards proficiency-based curricula for training in laparoscopic surgery and its certification. 
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Introduction 
Minimally invasive surgery is a highly demanding sur-
gical approach regarding technical requirements for the 
surgeon such as the use of new surgical instruments, 
which are longer than the instruments used in open 
surgery, the lack of haptic feedback, the fulcrum effect, 
and the loss of depth perception. These aspects require 
new technical skills for the surgeon, which must be 
trained in order to perform a safe surgical intervention. 
Therefore, it is useful to know the psychomotor skills of 
surgeons during their training program, as an essential 
part of the assessment of their surgical proficiency. 
Traditional surgical education in minimally invasive 
surgery is commonly based on subjective criteria. An 
experienced surgeon, who observes the evolution of the 
trainee, makes the evaluation of his/her surgical skills. 
Then, trainees are allowed to contribute to the surgical 
intervention under the supervision of an experienced 
surgeon. However, throughout this training method-
ology surgical skills cannot be precisely assessed and 
may be affected by bias. For this reason, authors, 
surgeons and associations are increasingly demanding 
the development of more objective assessment tools 
that can accredit surgeons as technically competent 
(1-3). Nevertheless, nowadays there is not a universally 
extended or recommended system to be used as an 
objective evaluation tool of technical skills (1,4). 
T o perform the surgical training and evaluation, 
there is a tendency to move the early stages of training, 
concerning the acquisition of motor skills, outside the 
operating room. There has been an evolution in the 
development of physical, virtual and hybrid simulators 
for training in laparoscopic surgery, which are a suit-
able environment for learning surgical skills away from 
the clinical responsibility of putting a patient at risk. 
Several objective assessment techniques have been 
proposed, most of them based on structured rating 
scales scored by experts (5-7). In general terms, these 
techniques perform the evaluation through rated 
checklists on an inanimate benchtop model. These 
tests normally consist of stations where a trainee 
performs a surgical task for a group of faculty obser-
vers. With video assessment methods the recorded 
surgical performance is subsequently rated by the 
assessor, thus providing more flexibility (8). 
The development of virtual simulators increases the 
automation of the evaluation process based on the 
user interaction with a virtual surgical scenario and a 
pair of instruments with simulated haptic feedback 
(9,10). The lack of realism is covered by physical 
(11,12) and hybrid simulators (13), which also imple-
ment automatic tools for the objective assessment of 
technical skills. Finally, another attempt to develop 
more automatic objective evaluation methods are the 
systems based on the motion analysis of surgical 
instruments (14-16). These systems compute metrics 
to quantify motion information regarding the use of 
the surgical instruments to establish the technical skill 
level of the surgeon. 
This article reviews the different approaches devel-
oped to address the problem of objective evaluation of 
technical surgical skills, providing different options to 
be used in clinical practice and training curricula. It 
gives an overview of existing systems, how these sys-
tems work their advantages, and their drawbacks. The 
document has been organized in three main sections. 
In the first section, we will revise the most significant 
objective assessment methods of surgical skills based 
on structured rating scales. Subsequently, we will 
analyse the main types of surgical simulators for train-
ing and evaluation. Finally, we will focus our attention 
on motion analysis of laparoscopic instruments as a 
means to objectively assess surgical dexterity. 
Structured rating systems 
for objective evaluation 
Rating scales 
Rating scales are basic assessment methods that can 
be applied to several disciplines, including evaluation 
of surgical skills. One of the most generic types is the 
Global Rating System (GRS) (7), which is a non-
blinded evaluation method consisting of a number of 
items as general markers of technical skills that could 
be applied to a wide variety of procedures, although not 
to specific tasks. This system needs an instructed 
examiner during the evaluation procedure, which 
could be affected by bias due to the nonblinded pro-
cess. Video assessment methods using GRS such as the 
Operative Component Rating Scale (OCRS) (17) 
provide a more objective blinded rating process with 
the same scoring criteria as live rating systems (8). 
The Objective Structured Clinical Examination 
(OSCE) was described by Harden et al. in order to 
avoid many of the disadvantages associated with tra-
ditional examination of clinical competence. A typical 
OSCE consists of a series of stations through which 
trainees rotate. At each station the trainee is asked to 
perform a specific evaluation task, which is assessed 
by an experienced surgeon using checklists or global 
rating scales. However, there is no specific part 
focused on technical skills. 
The Objective Structured Assessment of Technical 
Skills (OSATS) was developed following the success of 
the OSCE system in assessing surgical competences. 
This is a performance-based assessment of technical 
skills, in which trainees perform a series of time-
limited surgical tasks at each station (5). It involves 
the use of two scoring systems: A task-specific checklist 
score and a global rating scale of overall performance. 
Although OSATS was first validated for use with a 
benchtop model, it can also be applied to physical 
laparoscopic simulators and in the operating theatre 
(18). A most specific version of the OSATS method is 
the Global Operative Assessment of Laparoscopic 
Skills (GOALS), which provides a method based on 
a global rating system for evaluation of operative per-
formance during a laparoscopic procedure (6). This 
assessment tool rates depth perception, bimanual 
dexterity, efficiency, tissue handling, and autonomy. 
Scoring systems 
Nowadays, one of the most extended objective scoring 
systems for evaluation of surgical skills is the Funda-
mentals of Laparoscopic Surgery (FLS) developed by 
the Society of American Gastrointestinal Endoscopic 
Surgeons (SAGES) (19). This program consists of 
web-based study guides and hands-on manual skills 
practice and training. The manual skills assessment is 
based on the McGill Inanimate System for Training 
and Evaluation of Laparoscopic Skills (MISTELS), 
which consists of a series of five tasks with an objective 
scoring system (20). It uses time and accuracy (number 
of errors) in order to assess each individual task. 
Surgical simulators for training and evaluation 
In the last decade there has been an increment in the use 
of surgical simulators for training of surgical skills, 
mainly during the early phases of the training curricula, 
avoiding putting patients at risk. Simulators can be 
classified according to their degree of realism into virtual 
Figure 1. Left: LapMentor surgical simulator. Right: SINERGIA Virtual simulator. 
(no real scenarios), physical (no virtual scenarios) or 
hybrid (combination of real and virtual scenarios). 
Virtual simulators 
The introduction of virtual simulators as a training 
and evaluation tool for laparoscopic surgery led to the 
replacement of real patients by computer images 
(Figure 1) (21-25). Virtual reality simulators provide 
controlled training and objective skills assessment 
on exercises ranging form simple tasks (22,24) to 
complex laparoscopic procedures (9,10,21,23,25). 
These devices are continuously improving the visual 
realism of their scenarios (9,10,21) and force feed-
back (9,21-23). 
The current principal laparoscopic simulators and 
some of their main features can be found in Table I 
(9,10,21-32). To characterize each of them we can 
establish 
• the available kind of scenarios for training and 
surgical assessment, 
• whether they offer force feedback, and 
• their positive validation studies. 
Physical simulators 
Currently there are several physical laparoscopic 
simulators, which provide additional tools to perform 
an objective evaluation of surgeons' technical skills 
(Figure 2, Table II). The Computer Enhanced 
Table I. Virtual reality simulators. Characteristics and validation. 
Device Force feedback Training/evaluation scenarios Validation 
LapMentor (Simbionix Ltd., Beit Golan, Israel) Yes 
SINERGIA (SINERGIA Consortium) Supported 
LapSim (Surgical Science, Gothenburg, Sweden) Supported 
MIST-VR (Mentice AB, Goteborg, Sweden) No 
SIMENDO (DeltaTech, Delft, Netherlands) No 
SEP Simulator (SimSurgery AS, Oslo, Norway) No 
LapVR (CAE Helthcare, Mainz, Germany) Yes 
Simple and advanced tasks 
Procedures 
Simple tasks 
Simple and advanced tasks 
Simple tasks 
Simple and advanced tasks 
Simple and advanced tasks 
Procedures 
Simple and advanced tasks 
Procedures 
Construct (21) 
Concurrent (26) 
Predictive (27) 
Construct (22) 
Construct (23) 
Concurrent (28) 
Predictive (29) 
Construct (24) 
Concurrent (30) 
Predictive (31) 
Construct (25) 
Concurrent (32) 
Construct (10) 
Construct (9) 
Figure 2. Basic physical simulator for laparoscopic training. 
Laparoscopic Training System (CELTS) (24) is a 
computer-based laparoscopic trainer capable of track-
ing the motion of two laparoscopic instruments through 
a modified Virtual Laparoscopic Interface (VLI) 
(Immersion Corp., San Jose, CA, USA). It evaluates 
a set of objective metrics based on instrument motion. 
A combination of ultrasound technology and phys-
ical simulator is another approach to objectively assess 
the surgical performance. Sokollik et al. (33) define a 
system that determines the position and rotation of the 
instruments using miniature ultrasound transmitters 
(Zebris Medical GmbH, Isny, Germany) placed on 
them. It provides two training modules: An aiming task 
with seven LED targets to be touched and a suturing 
task. The ultrasound transmitter can be sterilized, 
making it viable for use in the operating room. 
The SurgicalSIM LTS simulator (Blackdust Design, 
Los Angeles, CA, USA) (12) is a system with sensors 
embedded within physical modules arranged for asses-
sing the performance of validated exercises such as 
cannulation, cutting and suturing skills, where it is able 
to verify the knot integrity. 
The Hiroshima University Endoscopy Surgical 
Assessment Device (HUESAD) was designed to eval-
uate the smoothness in the use of laparoscopic instru-
ments (11,34,35). It consists of an accurate tracking 
device for real laparoscopic instruments, an experi-
mental table, a monitor, and a personal computer. 
It provides simple evaluation tasks for assessment of 
visuo-spatial skills such as touching a set of poles 
placed in different locations of the experimental table. 
Other approaches combine mechanical technology 
with a physical simulator. This is the case of the 
Advanced Dundee Endoscopic Psychomotor Tester 
(ADEPT) (36), which uses a set of potentiometers 
mounted in a dual-gimbal mechanism for tracking 
two real instruments. This system computes the instru-
ment error, execution time, and task completion as 
evaluation parameters. 
Table II summarizes some of the main character-
istics of previous systems. It presents 
• the kind of technology used, 
• the objective evaluation criteria, 
• whether the system is portable, and 
• its validity as an assessment tool of surgical skills. 
Hybrid simulators 
These systems use computer vision techniques to com-
bine a virtual setting with real training performance, 
creating augmented reality scenarios for surgical train-
ing and evaluation. One of the most extended is the 
ProMIS augmented reality simulator (CAE Helthcare, 
Mainz, Germany) (13). This system uses motion anal-
ysis techniques to track artificial markers on the instru-
ment, using a stereoscopic camera system placed inside 
the simulator. It implements augmented reality techni-
ques to insert visual information inside the surgical 
scenario so as to support the surgical procedure. This 
system provides objective evaluation based on the exe-
cution time and motion parameters such as path length 
of the instruments and motion smoothness. Another 
hybrid system (37), with similar technical characteristics 
to ProMIS, provides a dynamic artificial environment in 
order to insert visual support content and re-display 
training performances. 
Technologies for instrument motion analysis 
Motion analysis has been demonstrated to be an 
effective assessment tool for laparoscopic psychomotor 
Table II. Physical simulators with tools for objective assessment of technical skills. Summary of some characteristics. 
Device 
HUESAD (34) 
Zebris (33) 
SurgicalSIM LTS 
CELTS 
ADEPT 
Technology 
Optical 
Acoustic 
Sensor-based 
Optical 
Gimbal mechanism 
Objective evaluation 
Instrument motion 
Instrument motion 
Physical models with sensors 
Instrument motion 
Instrument motion 
Portable 
No 
Yes 
Yes 
Yes 
-
Validation 
Construct (11,35) 
-
Construct (12) 
Construct (24) 
Construct (36) 
skills (14,15). In general terms, a tracking system is 
composed of an object to be tracked, a system to track 
the target, and a system to process the positional 
information. If we organized tracking systems regarding 
the scenario in which they track the laparoscopic 
instruments, inside the patient or simulator and outside, 
we have intra-corporeal and extra-corporeal tracking 
systems. 
Extra-corporeal systems 
These systems are based on artificial visual markers 
(active and passive), sensors or mechanisms placed 
on the external part of the instrument. Mechanical 
systems estimate the position and orientation of the 
laparoscopic instruments based on encoders and poten-
tiometers such as the Red Dragon (38), and its previous 
version the Blue Dragon, which also measure the torque 
and force applied by the surgeon. 
Electromagnetic technology is a very extended tech-
nology concerning tracking of surgical instruments. 
Some studies use this technology for surgical skills 
assessment during a suturing task (39). On the other 
hand, the Imperial College Surgical Assessment Device 
(ICSAD) (40) uses an electromagnetic sensor attached 
to the dorsum of each hand in order to analyse the 
surgeon's performance. 
Motion analysis systems based on infrared (IR) 
technology can be classified as active or passive sys-
tems. Active systems attach IR markers to the target 
and two or three cameras with an IR filter track them 
(41). Since the IR markers must be powered, they are 
wired. Passive tracking systems use retroreflective mar-
kers, which are illuminated by the camera in the IR 
spectrum. In this case markers are not wired. Some 
tracking systems such as Polaris® (NDI; Waterloo, 
Canada) can be used as active or passive systems (42). 
Hwang et al. (43) developed a hybrid approach with a 
passive optical system and an electromagnetic tracking 
system in order to minimize the effects of optical 
occlusions and electromagnetic distortions. 
Extra-corporeal video-based tracking systems work 
in the visible spectrum and use a set of landmarks 
placed on the instruments to be tracked by a camera 
system. Landmarks are usually planar patterns with 
geometrical restrictions and binary colour to provide 
maximum contrast in the images. One example of this 
tracking technology for motion analysis of surgical 
instruments is the MicronTracker® (Ciaron Tech-
nology Inc., Toronto, Canada) (44). 
Concerning sensor-based tracking of surgical 
instruments, the Delft University of Technology 
(Delft, the Netherlands) developed a device consist-
ing of a two-gimbal mechanism with three optical 
computer mouse sensors (14). On the other hand, 
other approaches tend to use miniature inertial sen-
sors combined with electromagnetic technology (45). 
Intra-corporeal systems 
These approaches track the position of the laparo-
scopic instruments from inside the human body or 
surgical simulator. In this case, the use of electro-
magnetic technology for assessment of technical skills 
based on instrument motion requires very small-
size sensors that are attached on the distal part of 
the instruments. Some researchers attach the electro-
magnetic sensors on the instrument's shaft and near 
the tip (16), while others embed them into the 
instrument's shaft (46). 
The use of video from the laparoscope or the 
camera inside the simulator as a source of information 
to perform the instrument tracking is another possible 
approach. Some of these systems use artificial markers 
on the instruments such as colour markers on the 
distal end of the instrument. These markers are 
tracked using computer vision techniques including 
colour segmentation (47), stereoscopic techniques 
(37), or a Continuously Adaptive Mean Shift (CAM-
Sift) algorithm (48). Tonet et al. (49) compute the 
third dimensional position of the instrument tip 
according to the angle between the edges of the colour 
marker, previously identified by the Hough Trans-
form. Another possibility is to use a set of tapes placed 
near the instrument tip as a reference point and then 
to compute the depth of the instrument by means of 
analysing the variation of the marker's diameter, as 
described by Zhang et al. (50). They use three tapes in 
case one or two of them were occluded during the 
surgical intervention. Another approach based on 
landmarks (51) uses a cover for the instrument with 
a light pattern made of LEDs. 
The use of landmarks inside the patient is always a 
critical issue concerning their biocompatibility. In 
order to avoid them, some researchers analyse the 
3D position of the instrument tip based on its pro-
jection in the image plane (Figure 3). Additionally, 
Voros et al. (52) restrict the search of the laparoscopic 
instrument by means of computing the projection of 
the instrument's insertion point into the abdominal 
cavity. Other approaches use a Bayesian classifier (53) 
or a Cascade of Boosted Classifiers (54) previously 
trained to identify the laparoscopic instrument 
(Figure 4). In order to track the identified instrument 
over time one of the most extended methods is the use 
of particle filters (55). 
A summary of the reviewed technologies for lapa-
roscopic instruments tracking is presented in Table III. 
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Figure 3. (A) Laparoscopic instrument tracking based on endoscopic video analysis for psychomotor skills assessment (EVA system) (15). 
(B) Tip motion representation examples, the top graphs are from a novice surgeon, and the bottom from an expert. 
Table IV shows a review of the different motion metrics 
and the studies that have applied them for objective 
evaluation of psychomotor skills in minimally invasive 
surgery. 
Discussion 
Evolution from traditional to laparoscopic surgery 
has made it necessary for surgeons to learn new 
Figure 4. Example of an automatic tracking method of the tip of the laparoscopic scissors based on an Adaptive Boosting learning algorithm 
(54). This sequence of images corresponds to a basic laparoscopic training task of cutting. 
psychomotor skills, which must be trained, evaluated, 
and certified. In this article, existent methods and 
tools for the objective assessment of laparoscopic 
surgical skills have been presented. These systems 
attempt to replace the traditional methods based on 
subjective criteria, incorporating a whole new range of 
objective metrics to quantify surgical performance. 
Most of the assessment methods based on struc-
tured checklists and rating scales (5,7) are valid for 
feedback or measuring progress of training, but few 
can be used for examination or credentialing (1). 
These assessment systems are easy to implement 
within a training program because of their simplicity, 
although they are time-consuming procedures and 
Table III. Technologies applied for laparoscopic instrument tracking. Summary of the main advantages and drawbacks. 
Technique Advantages Drawbacks 
Mechanical 
IR-based 
Acoustic 
Electromagnetic 
Sensor-based 
Extra-corporeal video-based 
Intra-corporeal video-based 
Excellent accuracy 
Interference immunity 
They can be sterilized for a real 
surgical intervention 
Reasonable range, accuracy, 
and resolution 
Large range and low cost 
No line-sight problems 
High update rates 
High accuracy 
No magnetic distortions 
Low cost 
No magnetic distortions 
Low cost 
Sometimes it is not necessary 
to modify the surgical tools 
Cumbersome handling 
Limited range of movements due to physical connection 
Not portable 
Line-of-sight problems 
Commercial devices are expensive 
Slow update rates 
Speed of sound affected by environmental conditions 
Low latency 
Affected by distortions from magnetic objects 
Rapid decrease in accuracy/resolution with distance 
Sensors on the instrument are wired 
Accumulative error 
They require wires to provide power 
Low accuracy 
Line-of-sight problems 
It is necessary to have landmarks on the instruments 
Low accuracy 
They lose the instrument position when it is out 
of the laparoscope's field of view 
Table IV. Definition of the main assessment metrics based on instrument motion analysis and systems that use them for objective evaluation of 
surgical dexterity. 
Metric System 
Time. Total time taken to perform the task (in s) 
Approaching time. Time taken to reach the target point (in s) 
Path length. Length of the curve described by the tip 
of the instrument while performing the task (in mm) 
Distance efficiency. Relationship between measure path length and shortest 
path to describe the economy of movements (-) 
Depth perception. It is the total distance travelled by the instrument along its axis (in mm) 
Transit profile. Transit trajectory projected onto plane 2D (-) 
Deviation on horizontal/vertical plane. Deviations from the ideal courses in these two directions (in mms) 
Response orientation. It characterizes the amount of rotation about the axis of the instrument (in radians) 
Speed. Rate of change of the instrument's position (in mm/s) 
Maximum speed value (in mm/s) 
Speed profile. Shape of the speed curve (-) 
Acceleration. Rate of change of the instrument's speed (in mm/s ) 
Motion smoothness. A motion analysis parameter based on the third time-derivative of position, 
which represents a change in acceleration (in mm/s3) 
Economy of area. Relationship between the maximum area occupied by 
the instrument and the total path length (-) 
Economy of volume. Relationship between the maximum volume occupied 
by the instrument and the total path length (-) 
Search time. Percentage of time spent in the "search zone" (in %) 
Idle time. Percentage of time where the instrument is considered to be still (in %) 
Number of movements. Number of movements made to complete the task 
(zero crossings on the acceleration/time profile) 
(13-16,21-25,33,35,39,46) 
(34) 
(13-16,21-25,33,39,46) 
(33) 
(15,24) 
(33) 
(35) 
(24) 
(15,16,33,39,43) 
(11) 
(33) 
(15,43) 
(14,15,22,24,28,43,46) 
(15) 
(15) 
(15) 
(15) 
(21,22,39) 
they require one or several assessors present through-
out the evaluation process. In addition, the subjectivity 
issues of assessors could lead to possible ambiguity in 
their scores. Video offline evaluation (8) provides more 
flexibility and help with feedback of the trained. How-
ever, it entails a high workload, as experts must analyse 
one by one all recorded videos for each task. Often only 
the laparoscopic camera view may blind the reviewer to 
certain aspects of the operation that could also be 
relevant for the evaluation. 
The OSCE examination method is focused on the 
assessment of procedural knowledge and attitude of 
the trainee towards the patient, but it has no specific 
evaluation of psychomotor skills, which is included in 
the patient case domain. OSATS was one of the first 
methods designed for objective technical skills assess-
ment and one of the few used in clinical practice (18), 
although with a low level of evidence. Implementation 
of the OSATS in the OR may present ambiguities in 
the scoring system, which could be influenced by 
many factors during the course of the intervention. 
The training and accreditation program FLS only 
takes into account parameters such as completion 
time and procedural performance (accuracy error) 
for evaluation purposes (19,20). However, to better 
understand surgical gestures and to exploit the pos-
sibilities that can offer tracking technologies, a wider 
range of metrics should be considered and analysed 
(see Table IV). 
The use of surgical simulators provides trainees an 
environment always available for training and without 
the need of a supervisor, which reduces the associated 
costs. Although practice and assessment on a simu-
lator are no substitute for surgical practise, they 
enable trainees to become competent in fundamental 
skills before entering the complex real surgical envi-
ronment. Virtual simulators are ideal for monitoring 
the surgeon's learning curve, and offer a wide range of 
metrics that can be used for objective assessment 
(9,10,21-25). However, some limitations have slowed 
down their clinical implantation, such as the cost 
resulting from the expensive technologies behind 
the simulators, which makes them unaffordable for 
some institutions and hospitals, the limitations in 
visual realism and interaction (haptic feedback), 
and the mentally-driven constraints of thinking of 
these devices as a videogame with no didactic value 
(56). Despite their limitations, studies have proved 
that some virtual simulators are capable of providing 
formative assessment (1,56). They allow the acquisi-
tion of both efficiency (motion, force) and quality 
metrics thanks to the combination of computer-
generated environments with tracking technologies. 
In addition, they enhance the trainee's training pro-
cess providing immediate feedback on peformance. 
A major advantage of physical and hybrid simula-
tors is that they provide natural haptic feedback, and 
therefore a natural instrument-tissue interaction. In 
general, these systems consist of a physical device in 
which to perform the training tasks, and an additional 
evaluation system to record metrics and evaluate 
surgical performance. Most of the analysed physical 
simulators use motion metrics as a means of technical 
evaluation (24,33,34,36), whereas the Surgical SIM 
LTS uses error scores (12). The possibility of insert-
ing virtual support content during the training pro-
cedure by means of cutting-edge technologies such as 
augmented reality (13,37,57) gives hybrid simulators 
a significant added value. Surgeons consider hybrid 
simulators more realistic, with high didactic value, 
better haptic feedback, and usefulness than virtual 
reality simulators (57). In contrast to virtual simula-
tors, which have predefined training programs, phys-
ical and hybrid simulators are able to use a set of tasks 
from established training programs or develop their 
own set of tasks. 
In order to investigate surgeons' skills of operation, 
it is reasonable to observe the behaviour of surgical 
instruments carefully. Different technologies have been 
used for tracking of laparoscopic instruments such as 
mechanical, IR-based, electromagnetic, acoustic, 
sensor-based or video-based. Motion analysis systems 
are cheaper alternatives to virtual simulators, enabling 
natural haptic feedback. They can be used in almost 
every setting, from physical simulators to the OR, but 
quality metrics are more complicated to obtain in these 
systems. Moreover, it is difficult to establish a mini-
mum precision and accuracy needed for tracking sys-
tems, which in most cases depends on the surgical 
application (25,41). 
In general, extra-corporeal tracking systems are very 
accurate approaches. However, they use markers or 
sensors placed on the external part of the surgical 
instrument, normally on the handle, which may disturb 
the natural use of the instrument. One of the main 
problems of external instrument tracking systems is 
that small movements on the top of the laparoscopic 
instruments result in large movements of its tip. Despite 
their high positional accuracy, both IR-based systems 
active and passive depend on having a clear line of sight 
between the tracked tool and the camera system (15). 
Moreover, external video-based tracking systems are 
sensitive to some environmental conditions such as 
illumination and velocity and the orientation of the 
tracked tool (44). 
Electromagnetic tracking systems have no problems 
with occlusions (39,58), although the accuracy of 
position and orientation measurements with this tech-
nology could be degraded with magnetic field distor-
tions caused by the metallic objects in the clinical 
scenario (15,41). For intra-corporeal applications of 
this tracking technology, a drastic reduction of the 
sensor size, owing to the reduced workspace, is 
required (46). Regarding the use of mechanical track-
ers, they have to be attached to the surgical instru-
ments, which limits their full freedom of movements 
(41). In most cases, due to the nature of the technol-
ogy and materials used, they can be sterilized, and 
therefore be used inside the OR. Nevertheless, their 
usual configuration is bulky, and thus not easily 
portable. Finally, since ultrasound transmitters can 
be sterilized, they could be used inside a clinical 
setting (33). However, ultrasound transmission can 
be affected by the environmental conditions (temper-
ature, humidity), occlusions, or the loss of energy of 
the ultrasound signal with distance. 
In general, the use of sensor-based systems for instru-
ment motion analysis solves the problems with occlu-
sion and interference (14), but their implementation 
into the OR is a challenging process. Hybrid approaches 
for instrument motion analysis could be a suitable 
option in order to address limitations (occlusions, inter-
ference) of some of the tracking technologies analysed 
above (43,45). 
The non-invasive characteristics of tracking systems 
based on endoscopic image makes them fit for any 
training and evaluation scenario outside and inside 
the OR. They offer an affordable and portable assess-
ment tool, which does not require additional equipment 
that could interfere with the surgical performance and 
natural use of the instrument. Nevertheless, in some 
cases natural visual features of the instruments are not 
discriminative enough to accurately distinguish the 
instrument in the surgical scenario. Some approaches 
address this problem by using artificial markers on the 
instrument (48,49). However, some of these approaches 
have some complications including the ambiguous 
image structures (52) and occlusions by blood, organs 
or other instruments, or smoke caused by electro-
dissection (37,47,49,54). Both real-time image pro-
cessing and the third dimension of the instrument's 
position are critical factors in these instrument tracking 
methods. 
Although accreditation at each surgical training 
level should be carried out before moving on to the 
next level, there is a lack of official consensus on the 
tasks, metrics and assessment methods to use (1,3,4). 
Based on the literature and our own experience, we 
believe that virtual simulators and tracking technolo-
gies in physical simulators are most suitable for the 
assessment of dexterity during the first phases of 
training (15,39,54,56). Besides, we think of endo-
scopic video-based trackers for laparoscopic instru-
ments as a possible solution to interferences in the 
surgical flow caused by extra-corporeal tracking sys-
tems (15,54). 
In order to develop an advanced and comprehen-
sive objective assessment, a three-dimensional evalu-
ation of trainees is necessary to obtain the right 
balance of attributes: A good knowledge base, surgical 
judgement and technical skills (59). Traditional eval-
uation methods for minimally invasive surgery based 
on subjective criteria suggest that an objective and 
automatic assessment method of surgical skills should 
be standardized to cope with mentors' and trainees' 
tight schedules, saving when possible the extra cost of 
having an experienced surgeon during the entire eval-
uation process, and as a means towards proficiency-
based curricula for training in laparoscopic surgery 
and its certification. In addition, the implementation 
of automatic objective evaluation methods of surgical 
skills would be a valuable tool for the detection of 
weaknesses and errors during task performance. 
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